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Abstract
Mean temperatures just above Earth‘s surface are thought to result from a delicate
balance primarily between two sources of radiant energy: (1) solar energy, most of
which warms Earth and its atmosphere directly during daytime, and (2) terrestrial
infrared energy radiated outward from Earth 24 hours per day. Some spectral
components of terrestrial energy are well observed to be absorbed by greenhouse
gases in the atmosphere and are thought to warm the atmosphere, radiating back to
Earth as much as 84% (Trenberth et al., 2009) of the infrared energy initially radiated
by Earth. But only a small fraction of this terrestrial infrared energy is actually
absorbed by greenhouse gases and less than half of that can be radiated back to
Earth because radiation extends in all directions. Furthermore temperature in the
troposphere decreases with altitude and a colder blackbody in the atmosphere
cannot radiate back to Earth frequencies and amounts of energy high enough,
according to Plancks law, to raise temperatures on Earth. You do not stand by a cold
stove to get warm.
We explore here an alternate theory, that changes in mean temperatures on Earth
result from changes in the mean amount of solar energy reaching Earth’s surface
determined primarily by changes in the mean amount of ozone and of volcanic
aerosols in the lower stratosphere. While greenhouse gases are well mixed
throughout the atmosphere, ozone exists primarily in the lower stratosphere where
concentrations vary regionally by 10% to as much as 50% on time scales of hours,
seasons, decades, and longer. The catalytic processes of photodissociating and
forming ozone again absorb solar ultraviolet energy, increasing the temperature of air
very efficiently, over and over, heating the stratosphere. When the normal amount of
ozone is depleted, less ultraviolet energy from Sun is absorbed in the stratosphere,
the stratosphere cools, the tropopause rises, and more ultraviolet energy reaches
Earth warming primarily the ocean and thereby raising mean surface air
temperatures.
We document that the times and locations of major global warming observed over
the past 60 years are contemporaneous with and co-located with the times and
locations of greatest ozone depletion caused both by human activities (~3%) and by
volcanic eruptions (~6% each), even small basaltic extrusive eruptions. Ozone
depletion caused by humans and by two small, basaltic volcanoes in Iceland erupting
in 2010 and 2011 totalled 14% in parts of central North America during the time and
at the location of unusual warming and drought in 2012 and 2013. Detailed
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observations of abrupt global warming in recent times and throughout geologic time
are explained much more directly by depletion of stratospheric ozone than by
changes in the concentrations of greenhouse gases. Based on our analysis, man’s
role in global warming may be far more manageable than currently thought.
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Introduction

Earth’s atmosphere is heated very efficiently by photodissociation where a molecule
of gas absorbs sufficient oscillatory kinetic energy from a field of radiation to “shake
apart” one or more of the chemical bonds holding the molecule together. Nearly all
oscillatory kinetic energy originally within this bond plus nearly all oscillatory kinetic
energy absorbed by this bond is converted directly into translational kinetic energy of
the two pieces of the molecule flying apart and the temperature of a gas is, according
to the ideal gas law, directly proportional to the average translational kinetic energy of
all of its molecules. When the energy absorbed by any gas molecule is not energetic
enough to cause dissociation, only a small fraction of this energy can be converted
through collisions to translational kinetic energy and thus to an increase in
temperature.
In order to develop an equation for the spectral radiance emitted by a black body as
a function of temperature, Planck (1900) had to postulate that the energy in a field of
radiation is equal to a constant times the frequency of the radiation. Energy
contained within radiation can be thought of as the ability to cause photochemical
change within a molecule and Planck’s postulate fits clear observations that
photosynthesis is caused by visible light having more energy than infrared radiation,
that photodissociation is caused by ultraviolet radiation having more energy than
visible light, and that X-rays have even greater energy than ultraviolet radiation.
Nearly all photodissociation is caused by solar ultraviolet radiation.
The physical, chemical, and thermal structure of Earth’s atmosphere is determined
by how much high-frequency, high-energy solar ultraviolet radiation is available at
each altitude. The highest energies are absorbed through photoionization of gases
such as nitrogen and oxygen, forming the ionosphere at altitudes above 85 km.
Lower energy radiation is absorbed in the mesosphere and stratosphere
photodissociating oxygen. Still lower energy radiation photodissociates ozone
initiating catalytic processes in the lower stratosphere that form and dissociate ozone
over and over heating the lower stratosphere. When the amount of stratospheric
ozone is depleted, it is this energy normally causing photodissociation and resulting
warming of the lower stratosphere that is able to penetrate into the troposphere and
down to Earth’s surface.
The troposphere is heated primarily from below by a sun-warmed Earth while the
stratosphere is heated primarily from above by solar radiation through
photodissociation. The height of the tropopause decreases from the tropics to the
poles and is observed to be very dynamic even on timescales of hours. When ozone
in the lower stratosphere is depleted, stratospheric temperatures decrease, the
tropopause rises, and more solar energy with wavelengths around 310 nm
(nanometres) reaches the troposphere where it may be absorbed by some pollutants,
but is primarily absorbed at Earth’s surface. This is the same energy that causes
sunburn and photodegradation of materials. Much of this energy is absorbed on land
during the day and radiated back into the atmosphere at night. At sea, however, most
2

of this energy penetrates many metres and is only radiated back into the atmosphere
when the whole surface layer of the ocean is warmed. Thus global warming appears
to be driven more strongly by increases in ocean heat content that warms surface air
temperatures rather than by increases in mean surface air temperatures.
The purpose of this paper is to examine evidence for the role of ozone depletion in
climate change. In section 2 we will explore the physics of radiation and why Planck’s
law shows that radiation from cooler bodies cannot warm warmer bodies. In section 3
we will review how the energy content of solar radiation decreases as it descends
thru the atmosphere, determining the chemical and physical structure of everything
above the troposphere. The most dynamic part of the atmosphere is the optical
thickness of the stratospheric ozone layer and we will see how this thickness
determines how much high-energy solar radiation reaches Earth’s surface. In section
4 we will note how the greatest warming is observed where and when ozone is most
depleted. In section 5 we will review data showing that explosive volcanoes cool
Earth while extrusive volcanoes warm Earth and in section 6 that all volcanic
eruptions deplete ozone, even small, extrusive, basaltic eruptions. In section 7 we
find that depletion of ozone by human activities and by the eruptions of
Eyjafjallajökull (2010) and Grímsvötn (2011) in Iceland depleted ozone ~14% in the
regions and at the times of major warming and drought throughout much of North
America in 2012 and 2013. In section 8 we find that ozone depletion in the last 60
years is contemporaneous, within certain appropriate time delays, with 20th century
warming. Section 9 provides conclusions and discusses what courses of action
humans should take to reduce global warming. Appendix A describes several
observations that do not seem to fit with greenhouse-gas theory. Appendix B
describes apparent sudden emissions of ozone into the atmosphere weeks before
volcanoes erupt. Appendix C looks more closely at the basic physics of
electromagnetic radiation.
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You do not stand by a cold stove to get warm

Temperature in matter is the macroscopic manifestation of the net kinetic energy of
microscopic oscillations that pervade matter. Each degree of freedom of motion
among and within atomic and molecular particles of matter oscillates about an
equilibrium point between attractive and repulsive forces. The frequency of each
oscillation is determined primarily by the physical properties of the degree of freedom
such as the strength of the bond and the masses of the atoms or molecules involved.
The spectral amount of oscillation at each frequency increases with temperature.
When absolute temperature goes to zero, the amount of oscillation goes to zero.
Raise the temperature (the kinetic energy of oscillation) high enough, the bonds lose
their shear strength, forming a fluid. Continue to raise the temperature and all bonds
holding the particles together come apart forming a gas where the bonds are reduced
to collisions and the temperature therefore becomes proportional to the average
kinetic energy of translation among all particles.
The kinetic energies of the various frequencies and amplitudes of oscillation are
shared via conduction along all the interconnecting bonds or collisions so that after
sufficient time, a region reaches thermal equilibrium with a broad distribution of
frequencies and spectral amounts that vary with temperature similar to the shapes of
the solid lines in Fig. 1. Motions of the electrons associated with atoms at the surface
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of solid matter are thought to induce an electric field in air or in a vacuum that
induces a magnetic field that induces an electric field, etc. forming electromagnetic
radiation (EMR) spreading away from the surface. The spectral content of this
radiation varies as a function of temperature as approximated by Planck’s law for a
black body, an idealized perfect absorber and emitter of radiation (Fig. 1). This
spectral distribution of radiation most likely reflects the spectral distribution of
oscillations at the surface of the radiating body that induced the radiation, much as
the radiation from a radio transmitter reflects the frequencies of oscillation of charge
within the antenna.
An alternate view is that the Universe is permeated by an energy field augmented
locally by the conversion of mass to energy within stars, the burning of fossil fuels,
and all other sources of energy. The physical properties of this field vary with the
presence of matter rather than the field inducing or being induced by oscillations
within matter (Appendix C).
In either case, we describe in matter at the macroscopic level the flow of this kinetic
energy of microscopic oscillations as the flow of heat seeking thermal equilibrium.
Energy flows from higher spectral amount to lower spectral amount (from higher
temperature to lower temperature) and the rate of flow is proportional to the
difference in spectral amounts (temperatures). The flow of energy via radiation can
also be thought of as the flow of heat except we cannot see it, measure it, or
perceive it until it interacts with matter. The physical mechanism by which radiation
induces motion in dense matter is most likely similar to the physical mechanism by
which motion in matter induces radiation. The flow of energy from radiation into
matter, therefore, is most likely from higher spectral amount to lower spectral amount
at the same frequency, much as a microwave oven warms water in food.
Planck (1900), in order to derive his equation for spectral radiance, the energy per
second at each frequency emitted as radiation by a black body at a given
temperature, had to postulate that the energy (E) contained within electromagnetic
radiation in joules is equal to frequency (ν, the Greek letter nu) times a constant of
proportionality (h) so that this constant, known as Planck’s constant, has units of
joules per cycle per second. While in dimensional analysis it is customary to ignore
cycles, this, according to Planck’s postulate, ignores part of the fundamental units of
energy. E=hν (dot-dash green line, Fig. 1) says that the energy contained within
electromagnetic radiation is simply frequency and is not a function of anything else,
including distance. This energy can be thought of as the ability to cause chemical
change.
The net energy of electromagnetic radiation, on the other hand, is the energy at each
frequency times the amount at each frequency (spectral amount) integrated across
all frequencies. The spectral amount radiated is a function of the temperature of the
source. Planck’s law can be written as:
B(T) = E * A1 * A2 = (hν) * (1/λ2) * (2/(ehν/kT-1))

(1)

where the spectral radiance (B) as a function of absolute temperature (T) of the
surface of a black body is equal to the energy (E=hν) times a spectral amount (A 1)
times another spectral amount (A2). A1 has some similarity to the Raleigh-Jeans law
approximating the decay of spectral radiance with decreasing frequency (increasing
wavelength λ); A2 has some similarity to the Wien approximation governing the
exponential decay of spectral radiance with increasing frequency (decreasing
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wavelength). hν in A2 is proportional to the mean energy of oscillation within a
molecule per degree of freedom at a given frequency and kT is Boltzmann’s constant
(k) times absolute temperature (T), a product proportional to the mean kinetic energy
of a gas molecule at a given temperature.
Since radiation spreads, the spectral amount of radiance received is equal to the
spectral amount radiated (A=A1A2) divided by the square of the distance between the
centre of the source and the surface of the receiver. Fig. 1 shows the spectral
radiance emitted by Sun (red line) and the spectral radiance received at the top of
Earth’s atmosphere (Sun TOA, red dashed line). The energy (E) contained within the
radiation, the frequencies, the colors of visible light, however, are well observed not
to change over galactic distances unless there is motion between the source and the
receiver. Thus for electromagnetic radiation, energy does not change with distance,
but spectral amount (brightness) does.
This distinction between energy contained within radiation and the spectral amount of
radiation is well illustrated by X-rays. It takes the high energy of X-rays (~12,400 eV,
electron volts) to be able to travel through our bodies, but radiation with energy
greater than ~3.9 eV begins to damage DNA, so the amount of X-rays used to
examine our body must be at an extremely small dose (spectral amount) to prevent
severe damage. Radiation treatment for cancer, on the other hand, focusses higher
energy X-rays on cancerous cells in order to damage them.
The family of curves in Fig. 1, based on Planck’s law, shows that both frequency and
spectral amount at that frequency are functions of temperature. The observed
frequency of the peak spectral amount can be calculated using Wien’s displacement
law as 5.88 x 1010 times the temperature T (dashed black line). To increase the
temperature of matter, you must not only increase the spectral amount at every
single frequency, but you must also increase the frequency of the peak spectral
amount. Since spectral amount is a function of temperature, it takes radiation from a
higher temperature body to increase the temperature of a lower temperature body.
Even if the spectral amounts of radiation could somehow be added to the spectral
amounts within warmer dense matter, which does not appear to be possible, there
would still not be high-enough frequency energy to increase the frequency of the
peak spectral amount. The microscopic oscillations within radiation appear to induce
oscillations at the same frequency in matter so that heat flows from radiation into
matter much as it flows from matter into radiation, from higher spectral amount to
lower spectral amount. Higher temperature is associated with a higher rate of
oscillation, which means higher frequency, which means higher kinetic energy of
oscillation (E=hν), primarily in the ultraviolet (dot-dash green line, Fig. 1). Heat flows
from higher energy to lower energy within matter and between radiation and matter.
Radiation from a cooler body of matter cannot warm a warmer body of matter. You
do not stand by a cold stove to get warm.
Greenhouse gas theory posits that greenhouse gases absorb infrared energy
radiated by Earth, warming primarily the troposphere, reducing the ability of Earth to
lose heat. This effect is shown by the fact that temperature in the troposphere
decreases with altitude with a lapse rate averaging 5.5 oC/km for a wet atmosphere
but 10oC/km for a dry atmosphere. But efforts to balance Earth’s energy budget
(Trenberth et al., 2009; Trenberth and Fasullo, 2011) conclude that the surface
radiates 396 W m-2 into the atmosphere and that the atmosphere radiates back to
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Earth 333 W m-2. Energy radiated by a colder layer of gas cannot warm a warmer
Earth. Furthermore a layer of gas cannot be considered to be a black body because
molecules of gas are not perfect absorbers of radiation; they are well observed to
absorb energy from a radiation field only along narrow spectral lines (Rothman et al.,
2009) within narrow spectral bands (Rohde, 2013). They only absorb a small portion
of the energy contained in the surrounding electromagnetic field.
Furthermore, molecules of gas do not individually radiate energy in the infrared; this
occurs only at much higher frequencies when electronic transitions are involved. The
absorbed energy of oscillation is assumed to be converted to kinetic energy of
translation via collisions according to the law of equipartition and then shared with all
other gas molecules, raising the mean translational kinetic energy of the gas
molecules, which is proportional to the temperature of a gas. The observed lapse
rate shows that the amount of energy absorbed by greenhouse gases is insufficient
to overcome the atmospheric rate of cooling. The smaller lapse rate for a wet
atmosphere shows that greenhouse gases do slow the atmospheric rate of cooling,
but the changes in energy are very small compared to the changes in ultraviolet
energy described later in this paper because, by E=hν, energy contained in ultraviolet
radiation at 310 nm (4.0 eV), energetic enough to photodissociate ozone, is 48 times
the energy contained in infrared radiation at 1500 nm (0.083 eV), the centre of the
broadest absorption peak for CO2 (red circles, Fig. 1) and increase in temperature is
proportional to increase in oscillatory kinetic energy. Furthermore, the peak spectral
radiance of solar radiation at the top of the atmosphere (Sun TOA, dashed red line) is
69 times the peak terrestrial radiance just above Earth’s surface (black line). The
factor of 48, dependent on frequency, is contained within Planck’s equation and is
therefore contained within the factor of 69.
The total power (energy per second, watts) emitted by a black body is the integral of
Planck’s equation with respect to wavelength (frequency) and is equal to the StefanBoltzmann constant times temperature raised to the fourth power. The filament of an
incandescent light bulb isolated in a partial vacuum has a temperature between 2000
and 3300K (purple line, Fig. 1) emitting a broad band of radiation that peaks in the
infrared and feels hot. Only a small portion of this energy is within the visible
spectrum producing useful light while most energy is usually wasted as heat. A
typical fluorescent light bulb, on the other hand, causes the terbium, mercury, and
europium coatings on the glass tube to fluoresce especially strongly at 542.4, 546.5
and 611.6 nm respectively emitting almost all the radiation within the visible spectral
band accompanied by very little heat (white dashed lines over the visible spectrum in
Fig. 1 in arbitrary units (Wikipedia, 2013b)). The integral with respect to wavelength
(frequency) under these narrow spectral peaks is very small compared to the integral
under Planck’s curve. This is why fluorescent light bulbs and light emitting diodes are
substantially more energy efficient than incandescent light bulbs, producing more
useful light with less energy consumed. The energy absorbed by greenhouse gases
is similarly along very narrow spectral lines, a small fraction of the broad spectrum of
energy associated with heat (temperature).
The distinction between energy contained in radiation and amount of radiation is
extremely important in studying climate change. First, the spectral distribution of
energy contained in radiation leaving Sun, the ability to cause chemical change, is
the same as the spectral distribution of radiation reaching the top of Earth’s
atmosphere; there is just a smaller amount of it, causing chemical change in fewer
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molecules of gas. According to Planck’s law, the amount of Sun’s peak spectral
radiance is 2.6 x 107 W sr-1 m-2 Hz-1 for a temperature of 5770K (Harder et al., 2009).
The amount that reaches the top of Earth’s atmosphere (TOA) is only 568 W sr -1 m-2
Hz-1, which is Sun’s peak spectral radiance times the square of Sun’s radius divided
by the square of the distance from the center of Sun to Earth (red solid and dashed
lines, Fig. 1). When integrated across the appropriate solid angle and all frequencies,
this value was observed recently to be between 1361 and 1362 W m -2 (ACRIM,
2013).
Second, the spectral distribution of solar energy headed toward polar regions is the
same as the spectral distribution of solar radiation headed toward the tropics; there is
just less amount of it falling on a square meter of Earth. But solar rays reaching polar
regions are at a higher angle of incidence, traveling longer paths through the
atmosphere, having a greater chance to interact with gas molecules such as by
photodissociation of ozone. Not only does the ability to chemically deplete ozone
increase during polar winters, but the ability to photodissociate ozone over mid to
polar latitudes increases during winter, as does the possibility of more high-energy
ultraviolet radiation reaching Earth when ozone is depleted.
3

Ozone depletion allows more solar ultraviolet energy to reach Earth

The dot-dashed green line in Fig. 2 shows the energy (E=hν) contained in
electromagnetic radiation as a function of wavelength. The red line shows the
spectral content of solar flux at the top of Earth’s atmosphere (DeMore et al., 1997).
Other lines show the spectral content of solar flux still remaining at altitudes of 50,
40, 30, 20 and 0 km in an average atmosphere (DeMore et al., 1997). While the
observed spectral amount of Sun peaks at 451 nm and remains high throughout the
visible spectrum (400 to 750 nm) (Gueymard, 2004), solar energy is highest and
increasing at wavelengths <400 nm as shown by the dot-dashed green line.
The small amount of highest energy solar radiation in the extreme ultraviolet (λ<124
nm, E>10.0 eV) is typically absorbed at altitudes above 85 km causing
photoionization primarily of N2, O2, and NO, forming the ionosphere. The large
Lyman-alpha spectral peak (Fig. 2) radiated at 121.6 nm by hydrogen, which makes
up 75% of Sun’s mass, normally dissociates O2, H2O, and NO at altitudes above 70
km, but during solar maximums this peak can be 1.5 times larger than during solar
minimums (Woods et al., 2000) and may not all be absorbed until well into the
stratosphere. Note in Fig. 2 that essentially all of the solar energy for wavelengths
<180 nm has been absorbed above 50 km by a variety of photochemical processes
that do not need to be detailed here.
Photodissociation dominates at energy levels available in the mesosphere and
stratosphere where densities, decreasing exponentially with increasing altitude, are
still high enough to give practical meaning to the temperature of a gas. The net
temperature of any gas depends not only on how many molecules exist but primarily
on how much energy exists at frequencies high enough to cause ionization or
dissociation. In fact the chemical structure of the atmosphere, the types and numbers
of molecules, is primarily determined by the spectrum of solar energy available at a
given altitude.
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Photodissociation is a very efficient way to convert electromagnetic radiation into
temperature of a gas because all the vibrational (oscillatory) kinetic energy originally
contained in the bond plus all of the additional energy absorbed by the bond from the
radiation field to sever the bond is converted into translational kinetic energy of the
two separating atoms or molecules and, according to the kinetic theory of gases, the
temperature of a gas is equal to the average translational kinetic energy of all of its
atoms and molecules times a constant.
Modern chemical-transport climate models include more than 45 photodissociation
reactions (Kinnison et al., 2007) occurring primarily at wavelengths less than 400 nm,
shown for some important gases along the bottom axis of Fig. 2 (Turco, 1975;
Hydutsky et al., 2008). In addition HO2 is dissociated for λ<456 nm; HNO3 for λ<598
nm; N2O5 for λ<750 nm (Turco, 1975).
Nitrogen (N2), making up 78% of the volume of the atmosphere, persists primarily
because it can only be destroyed (ionized) at energies >10 eV (λ<124 nm) (Wight et
al., 2001). Oxygen (O2), making up 21% of the atmosphere, is photodissociated into
two ground-state oxygen atoms according to the following equation:
O2 + hv(λ<242.4 nm) → O(3P) + O(3P)

(2)

which says that ultraviolet radiation with wavelengths less than 242.4 nm (frequency
ν>1240 terahertz) has sufficient energy (hv>5.11 eV) to sever the O 2 molecular bond
forming two O(3P) ground state oxygen atoms (Finlayson-Pitts and Pitts, 1999). O(3P)
then typically combines rapidly with O2 to form ozone (O3). O2 has been dissociated in
the laboratory for λ<248 nm (Slanger et al., 1988). Dissociation occurs over a much
broader wavelength band due to details of the absorption process and energy added
by various combinations of vibrational and rotational transitions. There is more than
enough oxygen to absorb most of the solar wavelengths between 230 and 275 nm
(Fig. 2) providing the primary heating of the stratosphere at altitudes of 15 to 50 km.

Quantitatively, the second most important photochemical reaction in the stratosphere
is the photodissociation of ozone to form molecular oxygen and an O(1D) excited
oxygen atom (Finlayson-Pitts and Pitts, 1999):
O3 + hv(λ<310 nm) → O2 + O(1D)

(3)

when the wavelength (λ) is less than 310 nm (ν>967 terahertz; hv>4eV).
There are many ways that the excited oxygen atom O(1D) can be deactivated to form
an O(3P) ground state oxygen atom that reacts with O2 to form ozone again.
Ozone makes up only ~0.002% of dry air, but unlike nearly all other important gases
is not well mixed because its concentration depends on the relative amounts of
energy available around 242.4 nm to produce ozone (dashed black line, Fig. 2) and
around 310 nm to dissociate ozone (dotted black line). Ozone is typically formed,
dissociated, and formed again catalytically so that net ozone can be thought of as a
heating element powered by continued release of energy via photodissociation.
Concentrations of ozone are greatest in the ozone layer between 15 and 35 km, but
the thickness and concentrations of this layer vary seasonally and geographically.
The tropopause is the boundary between the troposphere heated primarily by a sunwarmed Earth from below and the stratosphere heated primarily via
photodissociation caused by solar radiation. It also forms a boundary between low
ozone mixing ratios in the troposphere and high ozone mixing ratios in the
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stratosphere that contains more than 90% of total column ozone (Fioletov, 2008).
The average height of the tropopause varies from 16.6 km near the equator where
solar radiation is most intense to 9 km near the poles (Seidel and Randel, 2006).
Annual mean heights increased ~160 m between 1980 and 2004 at the same time as
northern mid-latitude total column ozone was depleted by ~4%, the lower
stratosphere cooled ~2oC, the upper troposphere warmed ~0.1oC (Seidel and
Randel, 2006), and mean surface temperatures in the northern hemisphere rose
~0.5oC (HadCRUT3nh, 2013).
The photochemistry and physics behind global warming is shown more clearly in Fig.
3. The spectrum of radiation available from an overhead sun that normally reaches a
given altitude is shown by actinic flux (AF), another way of looking at spectral
radiance, as estimated by Madronich in Tables 3.7, 3.15, 3.16, 3.17 of FinlaysonPitts and Pitts (1999). The increase in solar flux reaching the ground is confined to a
very narrow bandwidth (red shaded area) (Madronich, 1993) between the rapidly
increasing absorptivity of ozone below 350 nm (black line) (Rothman et al., 2009)
and the very rapidly increasing availability of solar energy above 290 nm (red and
purple lines). Between 1979 and 2008 at 50oS, average solar ultraviolet flux under
clear-sky conditions reaching Earth’s surface was observed by satellite to increase
23% at 305 nm and 10% at 310 nm; at 50oN, solar ultraviolet flux increased 9% at
305 nm and 4% at 310 nm (Herman, 2010).
Absorption by the ozone layer is essentially the difference in actinic flux at 40 and 15
km (dashed red and solid purple lines respectively). A 50% decrease in total column
ozone will increase UV radiation at Earth’s surface by ~2 W m -2 for overhead sun
(red shaded area) and ~0.5 W m-2 for a solar zenith angle of 70o (Madronich, 1993),
likely, when integrated over the whole world, to cause most of observed global
warming thought to be caused by an increase in radiation received at Earth’s surface
of ~0.9 W m-2 (Trenberth et al., 2009). The amount of heating will need to be
calculated more precisely when atmospheric models have been improved to handle
the issues regarding spectral radiance, photodissociation, and absorption discussed
in this paper.
“From the time of Dobson's early measurements” in the 1920s, “it has been known
that the total ozone amount undergoes large day-to-day fluctuations” (Reed, 1950;
Fioletov, 2008) in the mid to high latitudes where the winter-time Brewer-Dobson
circulation (Fig. 4a) brings stratospheric ozone formed mostly in the tropics down into
the lower stratosphere and upper troposphere. Averages of these large changes are
now mapped daily throughout the world as observed from satellites and ground
stations (Figs. B1 and B3) (Environment Canada, 2013a). Animations of these daily
ozone maps (Ward, 2013a, b) as well as measurements at each ground station
(WOUDC, 2013) show that ozone amounts are continually changing even on
timescales of minutes.
When total column ozone is depleted, less solar energy warms the stratosphere
causing the tropopause to rise, allowing more UV radiation to be absorbed by Earth.
When total column ozone increases, more solar energy is absorbed in the
stratosphere, warming the stratosphere, lowering the tropopause, cooling Earth.
Ozone accumulates over the Arctic in winter as shown in Fig. 4b (Fioletov, 2008),
causing increased heating of the stratosphere and less heating of Earth resulting in
minimum temperatures that are particularly cold during January in the Arctic and at
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mid-latitudes when Arctic air masses move southward. Depletion of this polar ozone
peak warms minimum winter temperatures and it is this warming of minimum winter
temperatures that is most clearly observed as described below. The extremes of
temperature are much larger during the winter when ozone accumulates and is
depleted. For example, in Britain, the difference between record high and record low
temperatures from 1870 thru 1999 was 47oC during February-March and 38oC during
July (Webb and Meaden, 2012).
Early observations also showed “that there is a strong correlation between column
ozone and meteorological conditions” (Reed, 1950; Fioletov, 2008) including
atmospheric and surface temperatures and the resulting depth and location of
surface pressure highs and lows. Ozone depletion allows more high-energy
ultraviolet solar radiation into the lower troposphere where it either warms Earth
directly or may warm the air through photodissociation of ground-level ozone, NO2, or
possibly absorption by SO2 (Fig. 3). This warming can be across small regions and
over timescales of hours to days, having a direct impact on weather systems.
On land, much of the energy absorbed during the day is radiated back into the
atmosphere at night. At sea, however, ultraviolet radiation penetrates the ocean to
depths >10 meters (Tedetti and Sempéré, 2006), making it more effective at heating
the ocean than infrared radiation absorbed near the surface where much of the
energy is lost back into the atmosphere at night. Similarly more ultraviolet energy is
reflected back into the atmosphere on land than at sea. The effect of ultraviolet
radiation on air temperatures could be small unless there is substantial lowertropospheric pollution including O3 and NO2, while its effect on increasing ocean heat
content could be substantial. The oceans account for 93% of the warming of the
Earth system that has occurred since 1955 (Levitus et al., 2012).
In summary, molecules of gases in the atmosphere above the tropopause absorb
primarily ultraviolet components of solar energy, causing photoionization,
photodissociation and warming of the atmosphere above the tropopause. The
atmosphere also reflects some solar energy back into space. When the atmosphere
absorbs and/or reflects less solar ultraviolet energy than usual, more solar ultraviolet
energy reaches Earth causing global warming. When the atmosphere absorbs and/or
reflects more solar energy than usual, global cooling and ice ages occur. This filtering
of solar radiation by the atmosphere is far more important for climate change than
changes in solar radiance, which are generally <0.1% over 11-year cycles (Fröhlich
and Lean, 1998).
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The greatest warming occurred when and where ozone was most depleted

Depletion of ozone is thought to occur primarily in polar stratospheric clouds that
form when temperatures drop below -78oC within each polar vortex. The vortex
centred over Antarctica forms in May and dissipates in October at latitudes greater
than ~60oS (Waugh and Polvani, 2010; Hassler et al., 2011). The Antarctic ozone
hole typically reaches its maximum extent during September and its lowest values of
ozone in late September to early October (NASA, 2013a). By 1989, ozone levels
each October at Faraday/Vernadsky station near the Antarctic Peninsula (65.3oS,
64.3oW) had become depleted by ~45% compared to average levels from 1957
through 1970 (350 DU) (Hassler et al., 2011). Minimum yearly ozone levels
throughout Antarctica have typically been depleted 45 to 55% relative to levels in
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1979 (225 DU) when satellite measurements began (NASA, 2013a). During this time,
the vortex has become “stronger, colder, and more persistent” (Waugh and Polvani,
2010).
The largest warming trend in the world observed between 1976 and 2000 was along
the Antarctic Peninsula during the June-July-August time period continuing into the
September-October-November as shown by Figure 2.10 of the report by the
Intergovernmental Panel on Climate Change (IPCC) (Folland et al., 2001). Minimum
monthly temperatures at Faraday/Vernadsky station increased 6.7 oC from 1951 to
2003 (Hughes et al., 2007), the greatest warming of this region in more than 1800
years (Vaughan et al., 2003; Mulvaney et al., 2012). These rapid increases in
temperature “were strongly correlated” with decreases in total column ozone (Hughes
et al., 2007). During summer months when ozone is not depleted, maximum monthly
temperatures have changed very little since observations began. Between 1958 and
2010, annual mean temperatures increased 3oC at Faraday/Vernadsky station and
2.4oC at Byrd Station (80oS, 199.5oW) compared to 0.7oC globally (Bromwich et al.,
2013).
Decreased ozone allows more ultraviolet solar radiation to reach Earth’s surface
where it is absorbed most efficiently by ice-free water, a band of which hundreds of
kilometres wide exists off the ice-bound coast of Antarctica but still within the
Antarctic ozone hole (Parkinson and Cavalieri, 2012). Summer surface temperatures
of the Bellingshausen Sea rose 1oC (Meredith and King, 2005), the Circumpolar
Deep Water of the Antarctic Circumpolar Current warmed (Clarke et al., 2007), and
formation of cold Antarctic Bottom Water decreased substantially (Purkey and
Johnson, 2012). “Southern oceans have warmed at roughly twice the rate of global
mean ocean” (Waugh et al., 2013).
Along the Antarctic Peninsula, winter sea ice decreased 10% per decade and
shortened in seasonal duration (Clarke et al., 2007); 87% of the marine glaciers in
this region retreated, many collapsing into the ocean following the loss of seven very
large ice shelves (Clarke et al., 2007; Stammerjohn et al., 2008). Warming of interior
Antarctica was slowed by the high mean albedo (~0.86) of Antarctic snow, nearly
twice the albedo of Arctic snow (Wang and Zender, 2011), and by the decrease in
solar flux approaching South Pole.
The Arctic is the region with the second greatest increase in surface temperatures
(Folland et al., 2001; Trenberth et al., 2007). Ozone is depleted primarily during
December, January and February within the Arctic polar vortex (Waugh and Polvani,
2010) but spreads south to mid-latitudes in spring enhanced by increasing NO xrelated “summer” depletion (Hansen and Chipperfield, 1999; Andersen and Knudsen,
2006). The asymmetric distribution of mountains, land, and ocean throughout the
Arctic makes this vortex much more variable than the Antarctic vortex on daily to
inter-annual time scales (Waugh and Polvani, 2010). The greatest amounts of total
column ozone collect near and just outside the edge of the polar vortex in the polar
night jet located throughout the stratosphere. Ozone concentrations change very
dynamically as shown in the animations (Ward, 2013a, b) of daily ozone maps
(Environment Canada, 2013a). Ozone depletion during winter/spring has been
increasing in the Arctic since the 1950s, exceeding 80% at altitudes of 18 to 20 km in
early 2011, comparable for the first time with the Antarctic ozone hole (Manney et al.,
2011).
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Temperatures north of 65oN increased at a rate of approximately twice the global
average from 1965 to 2005 (Lemke et al., 2007). Annual mean land-surface
temperatures north of 60oN increased 1.5oC between 1966 and 2003 (McBean et al.,
2004; Jeffries and Richter-Menge, 2012) compared to 1.0oC for the northern
hemisphere as a whole (CRUTEM4, 2013), unprecedented in the past 600 years
(Tingley and Huybers, 2013). Satellite data from 1981 to 2005 for all areas north of
60oN show an average increase of 1.7oC with increases of 2.9oC over Greenland,
2.0oC over North America, 1.3oC over sea ice, and 0.3oC over Europe (Comiso,
2006). The average increase in monthly mean temperature from 1966 thru 2010 was
>5oC north of 70oN, >4oC from 65o to 70oN, >1.5oC from 55o to 60oN and for the
months of June through September was <2oC for all stations on land throughout the
northern hemisphere (CRUTEM4, 2013).
The extent of Arctic sea ice, declining at >11% per decade since 1979 (Kwok and
Untersteiner, 2011), reached a record low on September 16, 2012, nearly 50% lower
than the average extent between 1979 and 2000 (NSIDC, 2012). The extent of
terrestrial snow cover in June has decreased 17.8% per decade since 1979 (Derksen
and Brown, 2012). Average snow-covered area in the northern hemisphere
decreased ~7% primarily since 1982 (Lemke et al., 2007). Loss of ice in Greenland
has been accelerating at a rate of 21.9 Gt/yr2 (Rignot et al., 2011). The Canadian
Arctic Archipelago has been losing ice at a rate of 61 Gt/yr (Gardner et al., 2011).
Ice-cap melt rates on Ellesmere Island in the last 25 years have been the highest
observed in 4200 years (Fisher et al., 2012).
The greatest rates of warming observed since the 1950s have been in Polar Regions
during winter/spring when total column ozone has been most depleted.
5

Explosive volcanic eruptions cool Earth, but extrusive volcanic eruptions
warm it

On June 15, 1991, Pinatubo volcano in the Philippines (15 oN, 120oE) erupted ~5 km3
of dacitic magma primarily within 9 hours, ejecting 17±2 Mt (megatons) of sulphur
dioxide (SO2) as much as at least 35 km into the stratosphere with peak mixing ratios
observed via the SAGE II satellite of 300 ppbm decreasing to 160 ppbm within 180
days, and remaining above background for two years (Self et al., 1996). Within 21
days, SO2 injected into the lower stratosphere had circled Earth and spread poleward
to 30°N and 10°S. Within one year the SO2 had spread throughout the globe.
Approximately 13 Mt of erupted SO2 (Self et al., 1996) ultimately was oxidized to form
a nominally 75% sulphuric acid and 25% water aerosol primarily at altitudes between
20 and 25 km (McCormick and Veiga, 1992) with an e-folding time of aerosol
formation in the tropics of ~35 days (Bluth et al., 1992) but as much as 13 months in
the Arctic (Stone et al., 1993). The mid-visible (~500 nm) optical depth of the
atmosphere increased to 0.3 within 2 months, peaked at 0.4 by late 1992, and
averaged globally 0.1 to 0.15 for 2 years, thought to decrease solar radiation at
Earth‘s surface by ~2.7 W/m2 in August and 2.5 W/m2 by late 1991 (Self et al., 1996).
Surface temperatures decreased up to 0.6oC lower than normal in the northern
hemisphere and averaged 0.4oC lower than normal over most of the globe thru 1993.
However during the winters of 1991 and 1992, surface temperatures increased as
much as 3°C above normal over North America, Europe, and Siberia (Robock, 2002).
The lower stratosphere warmed as much as 3oC by mid-November, 1991, but cooled
12

to 0.35oC below pre-eruptive levels by early 1993 (purple line, Fig. 6) (Labitzke and
McCormick, 1992; Thompson and Solomon, 2009).
Most explosive volcanic eruptions of evolved magmas, such as andesite, dacite, and
rhyolite, eject megatons of SO2 within hours into the stratosphere, where, over weeks
to months, the SO2 gas is oxidized to form sulphuric acid vapour that coalesces onto
condensation nuclei forming aerosols with particle sizes dominantly in the range of
300 to 500 nm (Deshler et al., 1993; Asano, 1993), large enough to reflect and
disperse solar radiation causing global cooling of 0.3 to 0.6 oC for up to 3 years
(Robock, 2000; Self, 2006). Modelling suggests that these 3 cooler years decrease
temperatures in the upper two kilometres of oceans for decades (Gleckler et al.,
2006a; Gleckler et al., 2006b) and that ocean cooling can accumulate (Gregory et al.,
2006) incrementing the world into an ice age when large explosive eruptions occur
every decade or so compared to only one in the past century (Ward, 2009). The
number of layers of ash per thousand years from these types of volcanoes observed
in marine cores off the west coast of Central America and throughout the Pacific
(Kutterolf et al., 2012) are far more numerous during glacial periods than during
interglacials.
Extrusive eruptions of primitive basaltic magma, on the other hand, extrude extensive
lava flows for days, months, centuries, and even hundreds-of-thousands of years,
emit 10 to 100 times more volatiles per cubic kilometre of magma (Palais and
Sigurdsson, 1989; Freda et al., 2005; Self et al., 2008), do not eject most of these
emissions high enough to reach the stratosphere, do not form extensive stratospheric
aerosols, and cause net warming. The two largest in history were in South Iceland in
the vicinity of the intersection of a developing east-west transform fault and the main
spreading centre of the mid-Atlantic Ridge (Ward, 1971): Eldgjá, erupting 18 km3 of
basalt from 934 to 940 (Hjartarson, 2011), and Laki, erupting 15.1 km3 from 8 June
1783 to 7 February 1784 (Thordarson and Self, 2003). Laki ejected ~24 Mt of SO2
into the lower stratosphere but an additional ~96 Mt SO 2 into the troposphere where
the jet stream carried much of it to the southeast toward Europe (Kington, 2009;
Thordarson and Self, 2003). Severe acid damage to vegetation from Iceland to
Eastern Europe, to Italy suggests concentrations of SO 2 could have been as high as
1000 ppb (Thordarson and Self, 2003), at least three orders of magnitude larger than
background. A “dry fog” blanketed much of Europe primarily from mid-June through
August. SO2 is invisible but when absorbing ultraviolet radiation (Fig. 3), the
electronic transitions cause fluorescence in the visible spectrum explaining the
appearance of “dry fog”. There were ten major eruptive phases from June thru
October. In July, surface temperatures in western Europe increased as much as
3.3oC above the 30-year mean centred on 1783 (Thordarson and Self, 2003) and
temperatures in Central England were the highest recorded from the first
measurements in 1659 (Manley, 1974) until 1983 (Parker et al., 1992). SO2 injected
into the stratosphere would not have had adequate time to form aerosols during the
many eruptive phases in July.
The Laki eruption deposited ~115 ppb sulphate in snow at Summit Greenland, 1500
km to the west-northwest (Zielinski et al., 1996). The layers of ice in the GISP2
borehole that contain the largest concentrations of volcanic sulphate per century
(black line, Fig. 5) also contain δ18O evidence (White et al., 1997) for the most rapid
global warming (red line) during the Bolling warming, decreasing during the cooler
Younger Dryas, and increasing again during the Preboreal warming. Volcanic
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sulphate is total sulphate measured minus the small contributions from sea salt and
dust determined by sodium and calcium content (Mayewski et al., 1997). Depletion of
H2O2 associated with volcanic sulphate deposits in snow suggests that the SO 2
reached Greenland as a gas and was oxidized to sulphate during precipitation (Laj et
al., 1990).
The temporal association of SO2 emissions with warming at least in the Greenland
region over the past 25,000 years shown in Fig. 5 is unambiguous. There is little
error in relative timing between sulphate and the δ 18O proxy for temperature because
both are measured in the same layers of ice. The ratio of signal to noise is very high.
Peak sulphate per century during peak warming (2028 ppb) is 218 times greater than
average sulphate per century (9.3 ppb) during the last glacial maximum (21 to 25 ka,
thousand years before present) and 441 times greater than average sulphate (4.6
ppb) between 5 and 1 ka. More than 63% of the 7000 ice layers measured contain
zero volcanic sulphate. In 2009, I tried to explain how the warming might be caused
by SO2 (Ward, 2009, 2010) but ultimately realized that sulphate and its precursor
(SO2) simply indicate the rate of volcanism per century and the likely amount of
associated ozone depletion discussed in the next section.
Basaltic volcanism under ice forms long, flat-topped, steep-sided table mountains or
tuyas found throughout Iceland. “12 of the 13 dated table mountains experienced
their final eruptive phase during the last deglaciation” (Licciardi et al., 2007). Melting
of ice might have increased magma production by decreasing the vertical loading on
the top of the magma sources (Huybers and Langmuir, 2009). The relatively
continuous high rate of most-likely basaltic volcanism shown in Fig. 5 from 11.7 to
9.8 ka, possibly assisted by increases in solar radiation due to Milanković cycles, was
apparently sufficient to warm the ocean out of the last ice age.
Volcanism was similarly highest, primarily in Iceland, during the other 13 DansgaardOeschger sudden warmings between 46 and 11.6 ka (Rahmstorf, 2003;
Severinghaus, 1999) when regional surface temperatures rose to inter-glacial levels
within a decade or two and then decreased back to ice-age temperatures over
decades to centuries most likely as volcanism waned before the deep ocean could
be warmed (Ward, 2009).
The Paleocene-Eocene Thermal Maximum was a brief period of extreme global
warming beginning around 56.1 Ma (million years before present) as subaerial
extrusion of basalts related to the opening of the Greenland-Norwegian Sea suddenly
increased to rates greater than 3000 km3 per kilometre of rift per million years (Storey
et al., 2007) although basalt extrusion may have lasted only 220,000 years (Röhl et
al., 2000). Global surface temperatures rose 5 to 9oC within a few thousand years
(Zeebe et al., 2009). Sea surface temperatures near the North Pole increased to
23oC (Sluijs et al., 2006). Southwest Pacific sea surface temperatures rose rapidly to
34oC, cooling back to 21oC over seven million years (Bijl et al., 2009).
The Laki eruption in 1783 extruded 12.3 km3 of lava flowing over an area of 565 km 2.
Every 6 to 52 million years, 22 on average, there have been massive eruptions of 0.2
to 8 million km3 of basalt in what have become known as Large Igneous Provinces
(LIP), typically contemporaneous with major mass extinctions (Courtillot and Renne,
2003; Wignall, 2005; Ward, 2009).
At approximately 250 Ma, for example, at least 3 million km 3 of basalt was extruded
in Siberia over an area of at least 5 million km 2 (equivalent to 62% of the contiguous
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48 United States) possibly in less than 670,000 years (Reichow et al., 2009). Lowlatitude surface seawater temperatures rose 8oC (Joachimski et al., 2012), nearly 3
times the rise in tropical Pacific sea surface temperatures at the end of that last
glaciation (Lea, 2000). “Lethally hot temperatures exerted a direct control on
extinction and recovery” (Sun et al., 2012). There was massive depletion of ozone
(Beerling, 2007). “Global warming and ozone depletion were the two main drivers for
the end-Permian environmental crisis” (Svensen et al., 2009). “Prolonged exposure
to enhanced UV radiation could account satisfactorily for a worldwide increase in
land plant mutation” at this time (Visscher et al., 2004).
The most recent LIP was the Columbia River Basalts in Oregon and Washington
States at approximately 16 Ma with an estimated volume of 174,300 km 3 (McBirney,
2007). A recurrence of even the smallest of these LIPs would be a major problem for
mankind.
The differences between explosive and extrusive volcanism are summarized in Table
1. Basalt is the primitive magma rising from the mantle into the crust. When the crust
is thin, as in ocean plateaus and ocean basins, hot basalt has enough buoyancy to
rise to form sills and small magma chambers at a few kilometres depth and then to
extrude out onto the surface with the minor dissolved gas content forming lava
fountains and curtains of fire. Explosions are typically too small to eject substantial
volcanic ash and gases into the stratosphere. Extrusions are typically very
voluminous, accumulating over weeks to millennia. When the crust is thick, basalt
can only rise to depths of 5 to 15 km where its heat content melts crustal materials,
forming more evolved silicic magmas. Over hundreds to hundreds-of-thousands of
years, the density of the magma decreases and the gas content increases until some
magma can rise to the surface causing a large explosive eruption. Sometimes so
much magma is ejected in a giant eruption that the overlying crust drops down into
the magma chamber forming a caldera. Explosive eruptions tend to last only hours to
days but an individual volcano may erupt again over intervals of centuries to
hundreds-of-thousands of years.
Approximately 80% of all volcanism on Earth occurs along mid-ocean ridges, most of
which lie more than 2 km below sea-level. These volcanoes do not have much direct
effect on climate, but they do heat the ocean. Kump et al. (2005) argue that massive
release of hydrogen sulphide from submarine volcanoes during anoxic intervals of
Earth history would cause ozone depletion and warming.
In summary, large explosive volcanic eruptions have been observed throughout
human history to cause global cooling of up to 0.6 oC for up to 3 years and can
increment Earth into ice ages when occurring every decade or so. Voluminous
extrusive eruptions of basalt lasting months to hundreds-of-thousands of years have
been contemporaneous with major global warming of many degrees centigrade
during eruptive periods throughout both human and geologic history. The balance
between explosive and extrusive volcanism is determined by the motions of tectonic
plates (Ward, 1995, 2009) and has a dominant effect on climate because both types
of volcanic eruptions deplete ozone.
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6

All volcanic eruptions deplete ozone

The longest continuous measurements of total column ozone have been made since
1927 at Arosa, Switzerland (46.8oN, 9.7oE, black line, Fig. 6) (Staehelin et al., 1998).
The dashed grey line with blue data markers shows, for 1964 to 2009, the annual
mean area-weighted total ozone deviation from the 1964 to 1980 means for northern
mid-latitudes (30oN to 60oN) scaled from -8% at the bottom of the figure to 10% at
the top (Douglass et al., 2011). Years of increasing or decreasing ozone are nearly
identical at Arosa and for this area-weighted mean with small differences in
amplitude. Thus the Arosa data provide a reasonable approximation for annual mean
total column ozone throughout northern mid-latitudes since 1927.
Ozone at Arosa averaged 331 DU until 1974, fell 9.4% to 300 DU by 1993 and began
generally rising again until 2011. The long-term decrease in ozone has been reliably
associated with an increase in the concentration of anthropogenic tropospheric
chlorine (green line, y-axis inverted) through chlorine catalysed destruction of ozone
(Solomon, 1999). The resulting Montreal Protocol on Substances That Deplete the
Ozone Layer was signed beginning in 1987, leading to phasing out the production of
chlorofluorocarbons and hydrochloro-fluorocarbons and a decrease in tropospheric
chlorine beginning in 1993. Long-term ozone concentrations are expected to return to
late-1970’s levels by 2040 (Solomon, 1999).
The lowest levels of annual mean total column ozone were observed in 1992 and
1993 following the 1991 eruption of Mt. Pinatubo (Kerr, 1993), the largest explosive
eruption since 1912, and in 2011 and 2012 following the eruption of Eyjafjallajökull in
2010, one of the larger effusive eruptions of the past century. The size of an
explosive volcanic eruption is typically measured using the logarithmic Volcanic
Explosivity Index (VEI) based primarily on the volume of tephra erupted and the
maximum height of the eruption column (Newhall and Self, 1982; Siebert et al.,
2010). The size of effusive volcanic eruptions is best measured using the volume of
magma extruded. Volcanoes labelled in red (Fig. 6) include all very large explosive
volcanic eruptions with VEI ≥5, some VEI 3 and 4 extrusive eruptions in Iceland, and
two explosive VEI 4 eruptions from volcanoes elsewhere that typically included
substantial lava flows. All volcanic eruptions shown were followed a year later by a
substantial decrease in annual mean total column ozone except the 1980 eruption in
Washington state of Mt. St. Helens, an unusual blast of steam triggered by a
landslide on the intruding volcanic plug (Druitt, 1992). Most other small volcanic
eruptions since 1927 appear to cause similar changes in ozone, but the signal-tonoise ratios are too small to draw reasonable conclusions.
There is an increase in ozone the year of most of these eruptions compared to the
previous year as discussed in more detail in Appendix B. There are also large peaks
in annual mean total column ozone during years containing the three largest
atmospheric nuclear tests labelled in black with yield in megatons (Fig. 6) (Wikipedia,
2013a; Johnston, 1977). The largest short-term peak in ozone was in 1940 and 1941
during the major territorial conquests of World War II. Any causal relationship is
unclear. There is also a peak in 1998 during one of the largest El Niños in history but
no obvious peak in 1982 and 1983 during an El Niño with a comparably large
multivariate ENSO index (NOAA, 2013a), although the latter observation may have
been complicated by the eruption of El Chichón in 1982. But the most consistent
short-term changes in ozone in Fig. 6 are an apparent increase in ozone during the
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year of a volcanic eruption followed by a much larger depletion during the next few
years.
Pinatubo erupted in the Philippines on 15 June 1991 (VEI 6) followed closely by the
eruption of Cerro Hudson in southern Chile on 12 August 1991 (VEI 5+). Annual
mean ozone increased 3.9% in 1991 primarily between February 19 and 26
discussed in Appendix B. By 1993, annual mean ozone dropped 8.5% to 300 DU, the
lowest level recorded by that time (Gleason et al., 1993; Angell, 1997b). Total column
ozone was 11 to 17% below preceding years throughout Canada with a peak loss of
30% at ~16 km (Kerr et al., 1993). On average, total ozone decreased 8% in Europe,
5 to 6% in North America, Russia, and Asia but <2% in the tropics (Angell, 1997b).
Following the 1982 eruptions of El Chichón in Mexico (VEI 5 and 4+), total ozone
similarly decreased 5% in Europe, 3% in North America and Russia and <1% in the
tropics (Angell, 1997b). Following the 1963 eruptions of Agung in Bali (VEI 5 and 4),
total ozone fell 5% in Europe and Asia, 2% in North America, and <1% in the tropics
(Angell, 1997b).
An even larger ozone anomaly in 2010 is associated with the 100-times lessexplosive basaltic effusive eruption of Eyjafjallajökull in Iceland (VEI 4). A slightly
larger (VEI 4) eruption of Grímsvötn, 140 km northeast of Eyjafjallajökull, occurred in
May 2011, compounding the amount of ozone depletion during 2011 and 2012. The
amplitudes of these short-term ozone anomalies since 1990 are larger than the
amplitudes of earlier volcanic anomalies before the global rise in tropospheric
chlorine (green line, y-axis inverted). Similar anomalies appear associated with the
eruption of Hekla in Iceland (1970, VEI 3).
Following the eruption of Pinatubo, the lower troposphere warmed up to 3 oC during
the winter throughout the more northerly parts of the northern continents (Robock,
2002), the parts with greater depletion of ozone. Related major changes in
atmospheric chemistry are well documented by a 45% drop in total column NO 2
above Switzerland beginning five months after the Pinatubo eruption and returning to
normal with an e-folding time of two years (De Mazière et al., 1998), a 40% decrease
in NO2 column observed above New Zealand (Johnston et al., 1992), and substantial
increases in HNO3 concentrations due to heterogeneous conversion of N 2O5 (Coffey,
1996).
The observed ozone depletion (black line, Fig. 6) was accompanied by cooling of the
stratosphere (purple line) occurring mostly “as two downward ‘steps’ coincident with
the cessation of transient warming after the major volcanic eruptions of El Chichón
and Mount Pinatubo” (Thompson and Solomon, 2009) and a similar downward step
following the 1963 eruptions of Agung volcano (Randel, 2010).
Ozone depletion following volcanic eruptions has traditionally been explained by new
aerosols formed in the lower stratosphere providing substantial new surfaces for
heterogeneous chemical reactions to form ozone-destroying chlorine at cold
temperatures in a polar vortex (Angell, 1997a). Yet water vapour (H2O), the most
voluminous gas erupted from volcanoes, is the primary source of OH radicals that
catalytically destroy ozone in the stratosphere (Coffey, 1996; Anderson et al., 2012).
Volcanoes also erupt megatons of halogens (Coffey, 1996), primarily chlorine and
bromine (SPARC, 2009), and only one halogen molecule can destroy >100,000
molecules of ozone (Molina and Rowland, 1974). During explosive eruptions, many
of these halogens appear to be removed immediately from the eruptive cloud in
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condensed supercooled water (Tabazadeh and Turco, 1993). But extrusive, basaltic
eruptions such as Eyjafjallajökull and Grímsvötn do not form significant eruption
columns that remove halogens and that create aerosols in the stratosphere. They
typically involve 10 to 100 times more volatiles per cubic kilometre of magma than
explosive eruptions (Palais and Sigurdsson, 1989; Freda et al., 2005; Self et al.,
1996). Ozone depletion is substantial within the plumes of erupting volcanoes;
detailed observations imply that “the most likely cause for the observed rapid and
sustained O3 loss to be catalytic reactions with halogen, mainly bromine, radicals”
(Vance et al., 2010). Recent observations have shown that even the plumes of
quiescently degassing volcanoes are chemically very active, containing halogens that
modelling shows cause ozone depletion (von Glasow, 2010). Between erupting many
halogens and injecting large amounts of water into the stratosphere (Anderson et al.,
2012), volcanoes appear to deplete ozone along many more chemical paths than
attributed to anthropogenic chlorofluorocarbons.
Volcanic eruptions are typically followed a year later by ~6% depletion of ozone
averaged throughout the year (Fig. 6). How do these short-term effects of volcanism
compare to the longer-term effects of anthropogenic chlorofluorocarbons? The green
line for chlorine is inverted and has been scaled so that the increase in
anthropogenic tropospheric chlorine from 1965 to 1993 has approximately the same
rate of change as the corresponding long-term decrease in ozone as expected by
current theory. This visual fit suggests that depletion of ozone following the Pinatubo
eruption (~20 DU) was twice as large as the depletion due to chlorofluorocarbons
since 1960 (~10 DU) and that it takes more than a decade for ozone concentrations
to return to pre-eruption levels.
In summary, large, explosive volcanic eruptions are well known to form sulphuric acid
aerosols in the lower stratosphere that reflect, scatter, and absorb solar radiation,
causing cooling at Earth’s surface of up to 0.6 oC over three years. These explosive
eruptions also deplete ozone causing warming that lasts 3 to 5 times longer than the
aerosols, but the cooling effects of the aerosol predominate during the first three
years except in winter/spring over northern continents when ozone depletion is
particularly strong. The much less explosive and much more numerous basaltic
extrusive eruptions such as Eyjafjallajökull and Grímsvötn as well as quiescently
degassing volcanoes (von Glasow, 2010) do not form significant aerosols in the
lower stratosphere so that ozone depletion and related warming dominate.
7

Ozone depletion was contemporaneous and co-located with record
warming and drought in 2012 and 2013

Ozone, created primarily in the tropics, is moved in and above the Hadley cell
upwards, then toward the poles and then downward into the lower stratosphere
poleward of 30o latitude (Fig. 4a) (Cordero et al., 2003). This Brewer-Dobson
Circulation causes a minimum concentration of ozone in the tropics and an
accumulation of ozone primarily in the winter hemisphere and especially in the
northern hemisphere (Fig. 4b) (Fioletov, 2008). Increased ozone concentrations
during the winter warm the lower stratosphere and thereby cool the troposphere. The
greatest depletion of ozone from concentrations typical prior to 1950 occurs during
these winter peaks.
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The blue line in Fig. 7a shows the average monthly total column ozone measured
above Toronto, Canada, averaged for the years 1961 through 1970 when
anthropogenic tropospheric chlorine had only increased 16% from levels in 1925
towards peak levels in 1993 (green line, Fig. 6). The green line in Fig. 7a shows
average monthly column ozone for 2009 when anthropogenic chlorine had
decreased 9% from its peak value. Note that ozone depletion is greatest between
December and May, the months of greatest warming throughout the northern
hemisphere (Trenberth et al., 2007). The mean change in radiative forcing between
the 1960s and 2009 caused by ozone depletion should be directly proportional to the
area between the blue and green lines.
The solid red line includes both the increase in ozone during February preceding the
first eruption of Eyjafjallajökull in March, 2010, discussed in Appendix B, and
subsequent depletion. The dashed red line shows total ozone in 2011 including
depletion due to Eyjafjallajökull and increases and decreases related to the eruption
of Grímsvötn. The double red line shows ozone levels in 2012; the purple line for
2013. Note that from November 2011 through February 2012, the times when
monthly maximum temperature records have been set throughout central North
America (NOAA, 2012a), ozone has been depleted by as much as 14% below mean
values in the 1960s.
The dashed black line in Fig. 7b shows the average for each year of the monthly
mean total column ozone above Toronto averaged over five consecutive months
from December through April; the dashed red line (y-axis inverted) shows the same
average for monthly mean minimum temperatures. The solid lines are the same data
smoothed using a 3-month symmetric running mean. A substantial decrease in
ozone is typically but not always associated with an increase in minimum
temperature except in 1992 to 1995 when aerosols in the lower stratosphere
following the June, 1991, eruption of Pinatubo decreased radiation from Sun as much
as 2.7±1.0 W m-2 during August and September (Minnis et al., 1993) decaying
exponentially to negligible values by 1995. Note the extremely low ozone and high
temperature in early 2012 (circled data points, lower right).
These data suggest that depletion of ozone due to the eruptions of Eyjafjallajökull in
2010 and Grímsvötn in 2011 supplemented anthropogenic depletion leading to
extreme ozone depletion and to extreme warm temperatures and drought observed
throughout the Great Plains of North America during late 2011 and 2012 (Karl et al.,
2012) and to the highest sea surface temperatures ever recorded on the continental
shelf off the northeastern United States during the first half of 2012 (NOAA, 2012b;
Sallenger Jr et al., 2012). The Multivariate ENSO Index, on the other hand, shows
only a transition from La Niña to moderate El Niño conditions in 2012 (NOAA,
2013a).
The drought of 2012 approached the intensity of the great Dust Bowl droughts of
1934 and 1936 (Brönnimann, 2009) when a highly unusual sequence of seven VEI 4
and 5 eruptions occurred from 1931 through 1933 in Indonesia, Japan, Kurile
Islands, Kamchatka, Alaska, Guatemala, and Chile (Global Volcanism Program,
2013), providing at least a partial explanation for the well-known warming of mean
northern hemispheric surface temperatures during the 1930s followed by cooling in
the 1940s (red line, Fig. 8) (HadCRUT3nh, 2013).
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On 12 July 2012 there was an extreme melt event across 98.6% of the Greenland ice
sheet (Nghiem et al., 2012). Such melt events at high elevations in Greenland are
extremely rare, last seen in 1889 and before that around 1200 (Clausen et al., 1988;
Meese et al., 1994). The 1889 melting was coincident with a major El Niño (Chen et
al., 2004) and the onset of major drought in 1889 from Mexico to Saskatchewan
(Herweijer et al., 2007). These events followed the 1883 eruption of Krakatau (VEI 6),
the 1886 eruption of Okataina (VEI 5), and several VEI 4 eruptions. These
observations raise the possibility that the major El Niño in 1998 and associated
warming might have been related to major ozone depletion (Fig. 6) following the
eruptions of Pinatubo (VEI 6) and Cerro Hudson (VEI 5+) in 1991 after the cooling
effects of the stratospheric aerosol had ended and compounded by three VEI 4
eruptions between 1992 and 1994.
Another possible relationship is that recent warming and drought were enhanced by
the fact that November, 2011, had the largest number of sunspots per month since
October, 2002 (NASA, 2013b), and ultraviolet insolation increases four to six times
more than broadband irradiance during solar cycles (Haigh et al., 2010). In 1933 and
1934, however, the numbers of sunspots per month were relatively low until late in
1936.
These possible interrelationships before 2010 will need much more detailed study,
but substantial depletion of ozone during 2011 and 2012 in mid-to-polar latitudes
over North America does appear to be contemporaneous and co-located with both
warming and drought in North America.
8

Ozone depletion was contemporaneous with 20th century warming

Annual mean surface temperatures in the northern hemisphere (red line, Fig. 8)
(Rayner et al., 2006; HadCRUT3nh, 2013) increased during the 1930s, cooled during
the 1940s, remained relatively constant until 1975, rose rapidly until 1998 with a net
temperature increase of ~0.8oC, and have remained relatively constant until 2011
(Trenberth, 2009; Knight et al., 2009). Other compilations of instrumental
temperatures (Hansen et al., 2010; Smith et al., 2008) and analysis of 173 proxies for
temperature since 1880 (Anderson et al., 2013) show similar trends.
Temperatures in the lower stratosphere (purple line, Fig. 6) decreased ~1.5 oC from
1958 to 1997 and have remained relatively constant since then. “Ozone depletion is
believed to have caused the preponderance of the cooling in the lower stratosphere
(15-25 km) altitude” but current models substantially underestimate the amplitude of
this cooling and have trouble simulating the observed changes associated with
volcanic eruptions in 1963, 1982, and 1991 (Thompson et al., 2012).
Concentrations of total tropospheric chlorine caused by anthropogenic
chlorofluorocarbons (green line) increased rapidly from 1970, reached a peak in 1993
due to implementation of the Montreal Protocol and continue to decline slowly
(Solomon, 1999).
Annual mean total column ozone (O3, black line, y-axis inverted) fell rapidly from
1971 to 1995 and has been recovering slowly until volcanic eruptions in 2010 and
2011 (Staehelin et al., 1998). A slight delay after changes in tropospheric chlorine
concentration is expected to give time for ozone to move to high latitudes where the
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highest concentrations of ozone and the greatest depletion of ozone occur during
winter (Figs. 4b and 7a).
The primary time delay in the atmospheric system involves the heat capacity of the
ocean covering 71% of Earth. The observation in Fig. 8 that air temperatures above
the ocean surface rose ~5 years after the decrease in ozone is in the range of
calculations for a 3.5-year e-folding time for warming the ocean if the equilibrium
temperature of Earth suddenly increased a small amount and a 10-year e-folding
time taking into account an ocean with a 100-meter-thick mixed-layer (Hansen et al.,
1985).
World ocean heat content (OHC, dashed purple line) increased from 1969 to 1980,
remained relatively constant until 1990, and has been increasing ever since (Levitus
et al., 2012). The time relationship between ocean heat content, volcanism, and
annual total ozone is shown more clearly by the dashed red line in Fig. 6 where the
ozone data have not been smoothed. The slow change in ocean heat content
between 1980 and 1990, smoothed with a 5-year running mean, reflects the
observed global cooling of up to 0.6oC for up to three years following the eruptions of
El Chichón (1982) and Pinatubo/Cerro Hudson (1991) (Domingues et al., 2008).
Continued rise of ocean heat content since 1998, when temperatures levelled off,
suggests that ocean heat content may be driven more by increased ultraviolet energy
due to ozone depletion than by temperatures in the lowermost troposphere. In the
last decade, about 30% of ocean warming has been below 700 metres (Balmaseda
et al., 2013).
SO2 emissions (dotted black line), 88% from burning fossil fuels, rose rapidly from
1950 until 1973 when concern over acid rain led to the addition of smokestackscrubbers and other emission controls, as well as substitution of North Sea oil for
coal in Europe (Smith et al., 2011; Klimont et al., 2013). The result was a 20%
decrease in SO2 emissions by 2002. Anthropogenic SO2 emissions, primarily from
northern Russia, Europe, United States, and southern Canada, led to the large
deposits in ice cores in Greenland at time 0 (20th century) of what is labelled in Fig. 5
as volcanic sulphate. Between 2000 and 2008, emissions of SO 2 from China and
India increased ~60% (Neely et al., 2013) but the 4 to 10% per year increase in
stratospheric sulphate aerosols between 2000 and 2010 appears caused by small
volcanic eruptions and not anthropogenic SO2 (Neely et al., 2013).
The increase in atmospheric concentrations of CO2 (blue line) (NOAA, 2013b)
appears more closely related to the increase in ocean heat content than to an
increase in surface temperature anomaly (red line, Fig. 8). The rate of increase in
HadCRUT3nh temperatures nearly fell to zero in 1998 from ~0.27 oC per decade
between 1985 and 1998 to 0.07±0.7 oC per decade between 1999 and 2008 (Knight
et al., 2009) while CO2 concentrations continued to increase at the same or slightly
higher rate. The annual rate of increase in concentrations of CO 2 was <0.1 ppm/yr
from 1938 to 1947 but began increasing to 0.7 ppm/yr by 1960 as concentrations of
SO2 were rapidly increasing. From 1976, however, by the time ocean heat content
had begun increasing, the annual rate of increase of CO 2 doubled and even
quadrupled to between 1.3 and 2.7 ppm/yr. Annual concentrations of CO 2 have
increased every year since 1959 but the rate of increase dropped from 1.3 ppm/yr in
1990 to 0.7 in 1992 when global temperatures dropped and the increase in ocean
heat content slowed following the eruption of Pinatubo in 1991 even though CO 2 was
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the second most voluminous gas erupted after water vapour. Similar but smaller
changes were observed associated with the 10-times smaller eruptions of Agung in
1963 and El Chichón in 1982. These observations suggest that the strong correlation
between atmospheric temperatures and CO2 concentrations going into and coming
out of ice-age conditions (Petit et al., 1999; Siegenthaler et al., 2005; Siegenthaler et
al., 2008) may primarily reflect the increase in solubility of CO2 in a cooling ocean.
From this perspective, CO2 may be more a proxy for ocean temperature than a cause
of increases in atmospheric temperatures (Appendix A).
The most surprising observation in Fig. 8 is that SO2 emissions increased ~30 years
before temperatures increased. There is little physical basis for explaining such a
long time delay, so we might wonder whether SO 2 at concentrations of <50 ppbv
(EPA, 2013; Cao et al., 2009) has any substantial effect on atmospheric
temperatures. Studies related to the eruption of Pinatubo show that SO 2 injected into
the stratosphere at concentrations in excess of 300 ppbm forms aerosols whose
particle sizes grow large enough over months to reflect sunlight and cool Earth (Self
et al., 1996). Substantial amounts of SO2 in the more turbulent troposphere are not
rapidly oxidized, travelling more than half way around the Earth in 8 to 12 days
(Fiedler et al., 2009), and any aerosol formed in the troposphere has trouble growing
to large enough particle sizes to scatter sunlight substantially.
Concentrations of other pollutants shown in Fig. 9 also increased ~30 years before
warming. NOX emissions (olive line), 58% from vehicles and 34% from fossil fuels
(EPA, 2012), show a trend similar to SO2 but with a slower decrease in vehicle
pollution. Black carbon emissions (dashed black line) (Bond et al., 2007), the product
of incomplete combustion, began increasing at rates similar to SO2, dropped
precipitously with improvements in diesel-engine design, first applied in this
accounting in 1965 (Novakov, 2003), and levelled off by 2000 as emissions
decreased in the West but increased in Asia.
Methane concentrations (green line) (Dlugokencky, 2010; Etheridge et al., 1998;
Dlugokencky et al., 2009) increased gradually with emissions of other pollutants,
reached a relatively constant rate of increase of ~14 ppb/year from 1955 to 1992,
stopped increasing by 2006 and began increasing again at a rate of ~6 ppb/year in
2007 (Dlugokencky, 2010; Etheridge et al., 1998). The lifetime of methane is ~12
years, partially explaining the time lag. Methane concentrations are increased by
fossil fuel use (Aydin et al., 2011), biomass burning, certain types of agriculture (Kai
et al., 2011), and thawing of permafrost. Methane is removed from the atmosphere
when oxidized by OH. Observed changes in OH concentrations may explain much of
the observed changes in methane.
OH concentrations increase with increasing NOX, tropospheric O3, and sunlight, and
decrease with increasing SO2, carbon monoxide (CO), methane, and other pollutants
it oxidizes. “A major pathway for production of OH radicals is the photolysis of ozone
by solar UV-B” so that concentrations of OH increase with increasing frequency of
photolysis (Rohrer and Berresheim, 2006). OH radicals react with tropospheric trace
constituents typically within one second, making global concentrations of OH very
difficult to observe and model, but modelling suggests they have decreased 9% since
preindustrial times (Wang and Jacob, 1998). Formaldehyde (CH2O) data from
Greenland suggest OH concentrations may have decreased by as much as 30%

22

(Staffelbach et al., 1991). Detailed observations show a gradual decrease from 1980
to 2000 (Bousquet et al., 2005).
CO in the northern hemisphere increased 0.85%/year from 1950 to 1987 (Zander et
al., 1989), decreased very slightly from 1988 (when detailed measurements began)
to 2001, and increased slightly to 2005 (Duncan et al., 2007).
Concentrations of water vapour and ozone in the lowermost stratosphere increased
until 2000 but began decreasing suddenly in 2001 (Randel et al., 2006; Solomon et
al., 2010) when emissions of SO2 stopped declining and began to increase again.
Tree ring density and thickness normally increase with temperature, but since the
1940s, they have decreased in northern forests while temperatures increased
(D'Arrigo et al., 2008). SO2 is well-known to stress and even kill trees (Keller, 1984;
Manninen and Huttunen, 2000). When anthropogenic SO2 levels began to decline in
the early 1980s, wide-spread greening in northern regions was observed from
satellites (Nemani et al., 2003).
All of these direct observations suggest that rapid increases in anthropogenic
pollution since World War II do not appear to have the immediate influence on global
temperatures implied by current computer-codes calculating the exchange of energy
from radiation to matter and visa versa. All observations have been plotted on the
same x-axis time scale with the y-axis adjusted so that both the mean values before
1965 and the peak values since 1998 are more or less lined up. Ultimately these data
will need to be modelled to determine the quantitative interrelationships, but first
current models need to be improved substantially to address the issues with radiation
codes, with ozone, and with volcanoes described in this paper.
The purple dotted line (y-axis reversed) shows simulated annual clear-sky surface
solar radiation (SSR) anomalies for mid-latitudes in the northern hemisphere
calculated via current theory (Wild, 2009). The models predict that SSR decreased
with increasing SO2 and related pollution and increased with decreasing pollution.
Note the rapid decreases in SSR for ~3 years following the large volcanic eruptions
of El Chichón and Pinatubo. The blue dotted line (y-axis reversed), on the other
hand, shows annual mean surface solar radiation observed at Stockholm (Wild,
2009). While SSR is likely to vary with regional differences in pollution, there is little
similarity between long-term changes in theoretical and observed SSR especially
prior to 1970. The radiation codes currently used by all models do not appear to be
accurate.
9

Conclusions and courses of action

When the normal amount of ozone in the stratosphere is depleted, less solar
ultraviolet energy is absorbed in the stratosphere, the stratosphere cools, the
tropopause rises, and more ultraviolet energy reaches Earth where it is absorbed
most efficiently in the oceans covering 71% of the surface. Temperature increase is
proportional to energy increase, and, according to Planck’s postulate, the energy
contained in this ultraviolet radiation is 48 times the energy contained in infrared
radiation absorbed most strongly by carbon dioxide.
The primary warming of the globe from 1970 to 1998 was caused by anthropogenic
emissions of chlorofluorocarbons that last many decades in the atmosphere where
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they are slowly converted in polar regions to chemically active chlorine compounds
that caused ~3% depletion of ozone. The Montreal Protocol in 1989 led to reductions
of these emissions by 1992, but they are not expected to return to 1970 levels until
2040.
Meanwhile the large, explosive eruption of Pinatubo volcano in 1991 further depleted
ozone nearly 6% decaying back to normal within approximately ten years. While the
stratospheric aerosols caused by this explosive eruption cooled Earth for ~3 years,
related ozone depletion caused warming over northern continents during the winters
of 1991 and 1992 and ultimately net warming globally. Mean surface temperatures
have remained relatively constant since 1998, but ocean heat content continues to
rise probably due to the long-term anthropogenic depletion of ozone. Eruptions of
small, effusive, basaltic volcanoes in Iceland during 2010 and 2011 each caused
short-term depletion of ozone by 6% causing major warming and drought best
documented in central North America during 2012 and 2013 and in ocean
temperatures between north-eastern North America and Europe.
Concentrations of ozone and gases whose chemistry relates to ozone change
radically over timeframes from hours, to seasons, to millennia along the edges of the
polar vortex in the Antarctic but especially along the rapidly-changing vortex in the
Arctic. Observed short-term changes appear closely related to changes in weather,
providing a direct link between climate and weather that needs to be studied in
considerably more detail.
Observations and theory suggest that climate is an equilibrium influenced primarily
by changes in total column ozone, more than 90% of which resides in the lower
stratosphere. Humans can best influence climate change by eliminating emissions of
all substances that deplete stratospheric ozone and by seeking ways to remove any
of these substances still in the atmosphere or placed in the atmosphere by natural
processes. The Montreal Protocol has been very effective in reducing the quantities
of these substances produced, yet some are still available on the black market.
Observations and theory show pollution does not have much effect on global
warming unless ozone is depleted. Pollution does have major effects on health, has
been reduced substantially in most developed countries, and needs to be reduced
most urgently in China, India, and other countries with rapid growth in energy
consumption. Ozone produced in the lower troposphere as a result of pollution is
very toxic and its concentrations need to be reduced world-wide.
Observations and theory show absorption by CO2 and other greenhouse gases does
not have the substantial effect on global warming currently assumed. Ozone
depletion provides a much more direct explanation for the timing and location of
temperature changes around the world. Simply reducing CO 2 emissions is unlikely to
reduce global warming but it is likely to reduce ocean acidification.
Appendix A: More problems with greenhouse gases
CO2 concentrations have increased and decreased at nearly the same time as global
temperatures during the 20th century (Fig. 8), during ice ages (Siegenthaler et al.,
2005; Lüthi et al., 2008), and throughout the Phanerozoic (Royer, 2006). Many
people see this as confirmation of greenhouse gas theory. But contemporaneity is
not proof of cause. Most detailed studies suggest that CO 2 levels before the 20th
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century rose after temperature increased (Fischer et al., 1999; Monnin et al., 2001;
Caillon et al., 2003; Stott et al., 2007; Tachikawa et al., 2009; Siegenthaler et al.,
2005; Pedro et al., 2012) although others disagree (Shakun et al., 2012; Parrenin et
al., 2013) pointing out that air is not trapped in snow until buried 50 to 120 meters,
which can take hundreds of years in the Arctic and thousands of years in the
Antarctic.
From 1998 to 2008, temperatures remained fairly constant (Knight et al., 2009) while
ocean heat content and concentrations of CO2 continued to increase (Fig. 8). The
solubility of CO2 in water is well known to decrease with increasing water
temperature just as a carbonated beverage loses CO2 as it warms. Thus,
atmospheric concentrations of CO2 appear to be more related to ocean heat content
and enhanced wind-driven upwelling around Antarctica (Anderson et al., 2009) than
to global mean temperatures just above Earth’s surface.
The sensitivity of climate to a doubling of CO2 is not observed in the laboratory nor in
nature, it is calculated assuming that all warming during a certain period of time was
caused by greenhouse gases (PALEOSENS Project Members, 2012). On the
contrary, I have shown that ozone depletion plays a substantial role in warming
Earth’s surface.
CO2 concentrations during the Pliocene climate optimum around 4 million years ago
were as much as 100 ppm less than today while climate had “substantially lower
meridional and zonal temperature gradients but similar maximum ocean
temperatures” (Fedorov et al., 2013). These large structural changes in climate
cannot be explained by current Earth system models implying that either climate
went over some threshold or was cooled by mechanisms other than CO 2 (Fedorov et
al., 2013).
High-resolution paleoclimatic studies in the Late Miocene (LaRiviere et al., 2012) as
well as the existence of glaciation in Devonian and Permian-Triassic times when CO2
concentrations appear to have been >10 and >5 times preindustrial values
respectively (Berner, 2009) suggest that increased CO2 concentrations are not a
primary cause of global warming.
The width of the tropical belt widened 2o to 5o in latitude since 1979 (Seidel et al.,
2008). Expansion in the Southern Hemisphere has been attributed to ozone
depletion (Polvani et al., 2011) and “recent Northern Hemisphere tropical expansion
is driven mainly by black carbon and tropospheric ozone, with greenhouse gases
playing a smaller part” (Allen et al., 2012).
Absorption by any gas of radiant energy not energetic enough to cause
photodissociation does not appear to cause much warming (Fig. 8 and 9). Even the
greatest concentrations of ozone in the stratosphere are not at the levels of the
greatest heating.
Periods of global warming typically start abruptly and are contemporaneous with
major increases in volcanism at the end of the last ice age, during the 24 sudden
Dansgaard-Oeschger warming events over the past 250,000 years (Dansgaard et al.,
1993) (Ward, 2009), during the opening of the Greenland-Norwegian Sea in the early
Eocene (Storey et al., 2007), and during the largest mass extinctions over the past
360 million years (Ward, 2009). Volcanic eruptions provide a clear explanation for
sudden change while “a close examination of paleoclimatic data and modelling
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results does not show adequate support for many of the widely accepted
explanations for abrupt climate change” (Rashid et al., 2011) including freshwater
forcing, changes in sea ice extent, and tropical forcing (Clement and Peterson,
2008).
Since the concentration of CO2 is essentially homogeneous throughout the globe and
increases monotonically with time, it is very difficult to explain how changes in CO 2
concentrations can cause the clearly observed amplification of warming in Polar
Regions (Serreze and Barry, 2011) and why the greatest warming occurs during midto-late winter.
Climate models that utilize CO2 as a primary driver of temperature increase have
overestimated global warming since 1998 (Trenberth and Fasullo, 2010; Hansen et
al., 2005) and are probably overestimating warming in future decades. Their links to
regional climate are also tenuous (Kerr, 2013).
Appendix B: Apparent increases in ozone before volcanic eruptions
Annual total column ozone observed at Arosa increased 12 DU (4%) in 1991, the
year Pinatubo and Cerro Hudson erupted, but decreased 28 DU (8%) by 1993 (Fig.
6). Similarly ozone increased 14 DU (4%) in 2010 when Eyjafjallajökull erupted but
decreased 28 DU (8%) in 2011. Other volcanic eruptions shown in Fig. 6 are also
contemporaneous with a modest increase in ozone followed the next year by a
decrease of at least twice as much.
The ozone increase in 2010 occurred primarily between 19 February and 26
February, ~4 weeks before the first extrusive flank eruption of basalt from 20 March
to 12 April and ~7 weeks before the main explosive eruption of trachyandesite on 14
April. Fig. B1 shows that total ozone northeast of Iceland increased to more than 550
DU on 19 February over a background of ~325 DU, an increase of ~70%
(Environment Canada, 2013a). The deviation of total ozone over the period from 21
February to 28 February increased 45% compared to mean levels from 1978 thru
1988 (Environment Canada, 2013a). The sudden onset of these emissions is shown
clearly in an animation of daily ozone maps from 1 December 2009 to 30 April 2010
(Ward, 2013b).
At Eyjafjallajökull, seismic activity and deformation began in December 2009,
“explained by a single horizontal sill inflating at a depth of 4.0 to 5.9 km under the
south-eastern flank of the volcano” (Sigmundsson et al., 2010). Deformation
increased exponentially in February (Fig. B2), suggesting a major change in pressure
conditions within the system by 4 March. Thus a substantial release of gas from the
top of the magma body is highly likely to have occurred in late February as the roof of
the intrusion fractured to the surface.
It is conceivable that oxygen fugacity in magma is sufficient to concentrate oxygen
gas in the very high temperature (high energy) environment at the top of a magma
body where ozone could be formed and then released when fractures first propagate
to the surface. But oxygen and ozone are not likely volcanic gases because magma
typically has a reduced oxidation state.
Sulphur dioxide (SO2) is a primary gas emitted from high-temperature fumaroles. SO2
absorbs ultraviolet solar radiation strongly at the same wavelengths as ozone (Fig. 3)
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and is known to affect ozone measurements in urban areas such as Uccle, just
outside of Brussels, Belgium (De Muer and De Backer, 1992). SO2 is colourless so
that its release from high-temperature fumaroles in the vicinity of the extrusive
eruption that began on 20 March would have gone unnoticed if substantial water
vapour was not included. There were no instruments in the vicinity to detect either
SO2 or ozone. But satellite data are normally sufficient to distinguish ozone from SO 2.
Local farmers did note unusual melting of snow near high temperature fumaroles
“months” before the eruption of Hekla in south Iceland on 5 May 1970 (Thorarinsson
and Sigvaldason, 1972; Thorarinsson, 1970).
Another possibility is that high-temperature (high-energy) gases from basaltic magma
(1300 to 1400oC) (Lee et al., 2009) may interact in some way with water released
from the magma, with ground water, or even with atmospheric water vapour to split
oxygen atoms and form ozone. Magmatic high-temperature gases might also interact
with volatile organic compounds or nitrogen compounds or gases to form ozone
catalytically.
Yet another possibility is that the ozone was generated by rock fracture as the gases
at the top of the magma broke to the surface. Crushing and grinding small samples of
igneous and metamorphic rocks at atmospheric pressure in the laboratory generated
up to 10 ppm ozone apparently “formed by exoelectrons emitted by high electric
fields, resulting from charge separation during fracture” (Baragiola et al., 2011).
Mt. Pinatubo in the Philippines showed signs of reawakening with a group of felt
earthquakes on 15 March 1991, the first steam explosions on 2 April, first eruption on
12 June, and the main eruption on 15 June. Ozone anomalies >550 DU, a 40%
increase, occurred from 20 to 22 February 1991 at 44 to 58 oN, 115 to 140oE (Fig.
B3). The winter-time Brewer-Dobson circulation (Fig. 4a) is thought to move ozone
and related gases from the latitude of Pinatubo (15.1oN, 120.4oE) up into the
stratosphere, northward, and then downward north of 40 oN (Cordero et al., 2003).
The sudden onset of these emissions is shown clearly in an animation of daily ozone
maps for the northern hemisphere from 1 January 1991 to 10 May 1991 (Ward,
2013a). The upward motion of the Brewer-Dobson circulation in the tropics is thought
to move normally at a rate of 20 to 30 metres per day (Cordero et al., 2003), but the
heat of volcanic gases might increase that rate substantially.
Similar anomalies occurred over Hudson’s Bay, Canada, at 60 to 70 oN from 26
February to 3 March, 1991, with no obvious spatial relationship to any volcano.
These large ozone anomalies are most common during the winter (Fig. 4b), north of
60oN, and they may be related to sudden stratospheric warming in specific regions
(Waugh and Polvani, 2010).
The contemporaneity of some of these large ozone anomalies with pre-eruption
intrusion could be coincidence. Considerable work is needed to prove any causal
relationship. Ozone emission prior to volcanic eruptions would provide a good
explanation for why the Great Oxidation Event 2.45 to 2.32 billion years before
present was contemporaneous with the first known prodigious sub-aerial emissions
of magma (Kump and Barley, 2007; Campbell and Allen, 2008; Kump et al., 2005).
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Appendix C: What is electromagnetic radiation?
Climate is driven primarily by electromagnetic radiation (EMR) from Sun; climate
change appears to occur primarily when more or less than normal amounts of solar
energy are either absorbed or reflected by Earth’s atmosphere changing the amount
of energy reaching Earth’s surface. What physically is EMR and how is it absorbed
and reflected? Let’s use the word light as shorthand for the much broader spectrum
of EMR because we all have good physical intuition about light, because brightness
is more intuitive than spectral amount, because the physics should be similar even
though energy varies from less than 0.001 eV for the far-infrared to 2 or 3 eV for
visible light, to more than 100 eV for the extreme ultraviolet, and because visible and
near ultraviolet light play the primary role in heating Earth.
At any point in space, in a gas such as air, in a liquid, or in a translucent solid, light
consists of a spectrum of frequencies (colours) where each frequency can be thought
of as having spectral amount (brightness). This spectrum appears to travel the
shortest distance between source and receiver, a straight line that we think of as a
ray. When we look at colourful fall foliage, for example, each molecule or cell of
everything we can see absorbs most radiation received from Sun and is warmed
much like a pot on a stove. But the molecules or cells responsible for colour are
caused to resonate, radiating a very narrow frequency spectrum. This radiation has a
brightness determined by the brightness of the light illuminating matter. The
brightness goes to zero as the amount of incoming light goes to zero, causing the
molecule to no longer radiate visible frequencies bright enough to see, although the
molecule continues to radiate infrared frequencies based on the temperature of the
matter that it is part of. The radiation from each molecule received by our eyes,
photographic film, or the CMOS sensor of a digital camera, for example, causes a
photochemical reaction and the amount of that reaction is defined by the spectral
amount (brightness) received at that specific frequency. Our field of view is made up
of so many of these “rays” that we can resolve the intricacies of colour with very high
resolution, yet these rays of light do not interfere with each other until they interact
with matter. We take all this for granted, but it feels like “spooky interaction at a
distance,” Einstein’s description of quantum entanglement. The energy of oscillation
in one piece of matter influences the energy of oscillation in another piece of matter
at an arbitrarily large distance separated by a gas such as air or by the vacuum of
space. This simple “entanglement” is a physical property of an electromagnetic field.
Quantum entanglement, even at speeds much greater than the velocity of light, has
taken on far more complicated mathematical properties that are actively debated
through the different interpretations prevalent in quantum mechanics.
Light illuminates matter, but light itself is not visible, it is dark, until it interacts with
matter. Given that Earth receives less than 5 x 10 -8 % of Sun’s radiation, there must
be a lot of dark energy in space that changes in time only if the rate of conversion of
mass to energy in stars and elsewhere changes or locally as it interacts with matter,
such as in the shadow behind a planet.
The widespread existence of dark energy suggests that the medium light travels in is
light itself, i.e. there is an electromagnetic field located everywhere that permeates
space, atmospheres, and matter in three dimensions. The physical properties of this
field vary in time if the sources of energy vary. The spectral amount decreases
proportional to one over the square of the distance from the source. Energy in the
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form of frequency of oscillation appears to radiate outward from matter, travelling
through this field along what is thought of as a straight line from source to receiver,
although light rays can be bent very slightly by gravity, currently thought of as
distortions in spacetime (Einstein, 1905b), and more strongly as they interact directly
with matter. Energy is either extracted from this field by matter or the presence of
matter changes the local physical properties of this field.
Planck’s postulate (E=hν) says that light is simply energy in the form of frequency
(cycles per second) whose existence seems to depend on the continual interaction
between an electric field and a magnetic field, suggesting that what we think of as the
velocity of light must be related to the rate that an electric field can induce a magnetic
field, can induce an electric field, ad infinitum. There is no known medium
(luminiferous aether) in space and there are no physical observations that show that
light in space is either a wave or a particle, that it has wavelength or mass, because
there can be no observation until light interacts with matter.
Light can travel inter-galactic distances without any change in frequency (except
Doppler effects) and thus without any loss of energy, even though light diverges so
that the amount of light, the brightness, is inversely proportional to the square of the
distance from the centre of the source to the receiver. Thus for light in space, the
energy contained in light and the amount of light (brightness) are separate variables
commonly multiplied together in order to determine spectral radiance. This is
distinctly different from the energy contained in waves within matter where the wave
energy works against the bonds holding matter together so that energy at a given
location is proportional to the square of the amplitude of the wave at that location.
Light does not travel in space in exactly the same way that waves travel in matter,
although light is observed to interact with matter in a wavelike manner. Thinking of
light in space as having the physical property of wavelength may be very misleading.
Thus light might be described most precisely as field-particle-wave triality or vacuumgas-solid triality to emphasize that the physical properties of light are different in
space, atmospheres, and matter. In the vacuum of space, light is an energy field
extending in three dimensions, affecting the behavior of matter in the presence of the
field. The frequencies of light do not change over galactic distances except when
there is motion between source and receiver, but the spectral amount is inversely
proportional to the distance between source and receiver squared. Light from one
source does not interfere with light from a separate source except in the presence of
matter.
Light travels similarly through a gas such as air except some of the molecules of gas
absorb certain frequencies of light in a particle-like manner. Each degree of freedom
of motion among and within atomic components of a gas molecule resonates at its
natural harmonic frequencies, extracting spectral amount at those frequencies from
the light field, adding the energy to the molecule. The energy absorbed is along very
narrow spectral lines (Rothman et al., 2009), implying high-Q classical sympathetic
resonance perhaps similar to that observed when undamped strings of a piano
resonate to specific frequencies of sound in the room. The spectral components of
the energy absorbed are determined by the physical properties of the molecule.
Energy absorbed through rotational and vibrational transitions is shared among
surrounding atoms/molecules via collisions. Energy absorbed through electronic
transitions typically causes what we think of as an electron to resonate at a higher
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frequency (energy) similar to overtones on a vibrating string and this energy can be
re-radiated typically through fluorescence when the atom/molecule returns to ground
state often initiated by a collision. When these higher energy states are energetic
enough, they can cause dissociation and even ionization, destroying the molecule.
The net energy transferred from the field to the gas molecule can be viewed as
spectral amount for each frequency times Planck’s E=hν (Planck, 1901) integrated
across all frequencies, or, for simplicity, Einstein’s light quantum (Einstein, 1905a), or
Lewis’s photon (Lewis, 1926), but the detailed nature of this energy is determined by
the physical characteristics of the receiver, not the physical characteristics of the
source. Therefore, it does not make physical sense to talk of photons propagating
from the source. The photon is a very useful mathematical concept central to
quantum mechanics that is shorthand for a complex distribution of frequencies
(energies and amounts) transferred from an electromagnetic field to matter.
Atoms and molecules constituting a gas can be thought of as similar to radio
antennas tuned to very specific frequencies. Each has a different orientation so that
each responds slightly differently to the surrounding electromagnetic field. If we knew
all the details about the state of every molecule and atom and the state of the field,
we could determine which molecules will interact when and how with the field. But
this is impractical given the very large number of atoms/molecules involved leading to
the statistical nature of quantum mechanics.
When light interacts with matter, defined as an assemblage of atoms and molecules
bound by attractive forces, it can be reflected, refracted, diffracted, polarized,
dispersed, focussed, and/or attenuated because the energy in light works against the
bonds holding matter together. The oscillations of light when interacting with matter
cause waves in matter whose properties are determined by the nature of the matter
such as the index of refraction, thought of as the ratio of the velocity of light in space
to the velocity of light in matter. Light is attenuated in matter showing that energy and
amount are now intermixed. Light in space and typically in air can be split by matter
in a double-slit experiment (Young, 1802) where the width and spacing of the slits are
small, causing the two rays to interfere, but rays from different sources of light do not
interact until they both encounter the same piece of matter.
Sound, on the other hand, travels in air as compressional waves with a spectrum of
frequencies emitted by oscillations at the source that cause the hair cells in the
cochlea of the inner ear to resonate. The frequencies of sound do not change with
distance and direction, except for Doppler effects, but spectral amounts from different
sources are combined within air and are attenuated as the wave front spreads and as
energy is absorbed by air, especially in the high frequencies.
Energy fields may be as large as the universe or as small as an electron or the fields
that hold parts of atoms together. The diameter of a hydrogen atom is 145,000 times
larger than the diameter of its nucleus. The vast majority of any atom is an energy
field that we describe in terms of electrons and that de Broglie (1929) suggested
consists of “stationary” waves in order to include “the concept of periodicity”
(frequency). One could argue that everything consists of combinations of fields and
the tiny components of matter, and that time (change) is made possible by the
conversion of energy to matter and the conversion of matter to energy.
Natural scientists have debated since the time of Ancient Greece whether the energy
contained in electromagnetic radiation (light) travels as waves or particles. By 1900,
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most physicists thought that radiation travelled as waves according to Maxwell’s
equations (Maxwell, 1873) as demonstrated by Young’s famous double-slit
experiment (Young, 1802), but they could not decide what type of matter these
waves travelled in. Planck’s quantization of energy (E=hν) and Einstein’s light
quantum led to the development of quantum electrodynamics (QED) based on the
wave-particle duality of electromagnetic radiation emitted by an ensemble of
harmonic oscillators. QED is arguably the most successful mathematical theory in
physics in terms of explaining and predicting observations, but it is non-deterministic
and leads to many concepts that do not make physical sense, something that
plagued Planck and Einstein for the rest of their lives. Light in space does not have
the physical properties of wavelength or mass. Recognizing that electromagnetic
radiation is simply a spectrum of frequencies (energies) that induces particle-like
behaviour in atoms/molecules of gas and wave-like behaviour in matter is likely to
make QED more deterministic, give us more physical insight into many of its
conclusions, and bring us closer to understanding Nature.
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Table 1.
Explosive eruptions are short-lived but form aerosols in the lower stratosphere that
cool Earth. Extrusive eruptions last much longer, extruding much more magma, but
inject little into the stratosphere. DRE is dense-rock equivalent. Data for Pinatubo
from Self et al. (1996), Scott et al. (1996), Gerlach et al. (1996), (Bureau et al., 2000)
and (Robock, 2002); Laki from Thordarson and Self (2003); Yellowstone from
Christiansen (2001), Lanphere et al. (2002), Jones et al. (2005) and (Segschneider et
al., 2013); Siberian Traps from Reichow et al. (2009), Black et al. (2012), and
Joachimski et al. (2012).
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Figure 1. The spectral radiance of radiation emitted by a black body increases with
the absolute temperature (K) of the body according to Planck’s law. Only radiation
from a black body warmer than Earth can increase the spectral amount and the
frequency of peak spectral radiation (dashed black line) warming Earth. The peak
spectral radiance of terrestrial radiation (black line) is 69 times less than the peak
spectral radiance of solar radiation at the top of the atmosphere (Sun TOA) (red
dashed line). The energy contained within radiation increases with increasing
frequency (decreasing wavelength) according to Planck’s postulate (E=hν) (green
dot-dashed line). The infrared energy around 15,000 nm radiated by Earth and
available to be absorbed by greenhouse gases is 48 times less than the solar
ultraviolet energy around 310 nm absorbed by ozone or allowed to reach Earth when
ozone is depleted (red circles). This factor of 48 is included within the factor of 69.

52

Figure 2. Nearly all ultraviolet energy from Sun (red line) at wavelengths less than
180 nm is absorbed above the stratosphere (black line at 50 km) and most at
wavelengths below 290 nm is absorbed above the troposphere. Global warming
occurs when energy normally absorbed in the stratosphere reaches Earth’s surface.
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Figure 3. A 50% decrease in total column ozone increases the amount of ultraviolet
radiation reaching Earth’s surface by ~2 W m-2 between 290 and 340 nm (red shaded
area) when Sun is directly overhead (Madronich, 1993). O3, SO2, and NO2 absorb
solar energy strongly at wavelengths <400 nm. Absorption by O 3 and NO2 typically
leads to photodissociation for wavelengths <411 nm. Actinic flux is photons cm-2 s-1,
absorption cross section is cm2 per molecule, and increase in UV radiation is mW m-2
nm-1. Absorption data for NO2 and O3 from Rothman (2009), for SO2 from Hermans
et al. (2009) and Vandaele et al. (2009).

54

Figure 4. Ozone is created primarily in the tropics and accumulates at mid-to-polar
latitudes especially in winter. a, The Brewer-Dobson Circulation observed in the
winter hemisphere only via the Nimbus-7 SBUV from 1980 to 1989 in Dobson Units
per kilometre copied from Cordero et al. (2003). b, A surface plot of zonal monthly
mean total ozone in Dobson Units as a function of latitude and month estimated from
ground-based data for the period 1964 to 1980 copied from (Fioletov, 2008).
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Figure 5. Volcanic sulphate per century (black) is unusually high during periods of
rapid warming (red), suggesting volcanism is contemporaneous with global warming.
Volcanic sulphate ranges from 0 to 2028 ppb. The increase in equatorial Pacific sea
surface temperature since the last glacial maximum is on the order of 2.8 oC (Lea,
2000). “Volcanic” sulphate during the 20th century was caused primarily by
anthropogenic emissions from northern Russia, northern Europe, and central North
America (Barrie et al., 1981; Ward, 2009). The value shown (1910 ppb) is twice the
sum observed during the 50 years from 1935 through 1984.
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Figure 6. Annual mean total column ozone (black line) peaks during years with major
volcanic eruptions and then drops precipitously by more than twice as much during
the following year causing a cooling in the lower stratosphere (purple line). The
ozone data were measured at Arosa, Switzerland (Maeder, 2013; WOUDC, 2013).
The names of the erupting volcanoes and the Volcano Explosivity Index (VEI) for
each large eruption are labelled in red (Global Volcanism Program, 2013). The green
line shows annual mean tropospheric chlorine with the y-axis inverted (Solomon,
1999). The dashed red line with the y-axis inverted shows increase in ocean heat
content (Levitus et al., 2012). The purple line shows lower stratospheric temperature
anomaly based on radiosonde data before 1979 (Hadley Centre, 2013) and satellite
data since (Remote Sensing Systems, 2012) smoothed with a seven-month centred
running mean.
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a

b

Figure 7. Ozone reached a minimum in 2012 when temperatures reached a
maximum. a, Total column ozone above Toronto, Canada, in November, 2011, was
12% below the average for Novembers in 1961 through 1970 and has remained
unusually low throughout 2012. b, When mean total column ozone measured during
the months of December through April in Toronto Canada (black line) decreases,
mean minimum temperature for the same months typically warms except following
the eruption of Pinatubo (red lines, y-axis inverted). Ozone data measured at
Environment Canada and the University of Toronto (WOUDC, 2013). Temperature
data measured at Toronto International Airport (Environment Canada, 2013b). The
dashed lines show annual means; the solid lines are smoothed using a 3-point
centred running mean.
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Figure 8. Increased SO2 pollution (dotted black line) does not appear to contribute to
substantial global warming (red line) until total column ozone decreased (black line,
y-axis inverted), most likely due to increasing tropospheric chlorine (green line).
Mean annual temperature anomaly in the Northern Hemisphere (red line) and ozone
(black line) are smoothed with a centred 5 point running mean. OHC is ocean heat
content (dotted purple line).
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Figure 9. Surface solar radiation (SSR) observed at Stockholm (blue dashed line, yaxis inverted) does not show much similarity to SSR calculated theoretically (dotted
purple line, y-axis inverted) from concentrations of pollutants such as SO2, NOX, and
black carbon. NOx data from RETRO (Schultz and Rast, 2008) interpolated before
1960 from US data (U. S. Environmental Protection Agency, 2000) are thought to be
constant or slightly decreasing since 2000 (Cofala et al., 2009).
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Figure B1. A total ozone anomaly >550 DU was observed northeast of Eyjafjallajökull
volcano in South Iceland (black arrow) on 19 February 2010, based on the satellite
borne Total Ozone Mapping Spectrometer (TOMS) integrated with data from ground
stations.
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Figure B2. The ozone anomaly formed during the time shown by the red shaded area
occurred just as surface displacement around Eyjafjallajökull (coloured dots with
error bars) began to change quickly and the numbers of earthquakes began to
increase. Black shows the daily number of earthquakes, grey the cumulative number.
The first eruption of lava was on 20 March. Based on Figure 2 of Sigmundsson et al.
(2010).
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Figure B3. A total ozone anomaly >500 DU was observed from 20-22 February 1991
north of 44oN, where the Brewer-Dobson circulation would bring ozone emitted
before the eruption of Pinatubo (black arrow at 15.1oN).
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